N atural killer cells constitute one of the key components of the innate immune system in that they can be rapidly activated without the need for expansion of Ag-specific clones. There is increasing awareness of the importance of their role in modulation of the immune system via their ability to produce a number of cytokines as well as via nonlytic interactions with target cells (1) (2) (3) . B lymphocytes, by contrast, are important constituents of the specific immune system due to the presence of clonally distributed Ag receptors and the persistence of the progeny of specific clones that can continue to produce the relevant Abs. An understanding of the interactions between these two cell types should provide important insights into the influence of the rapid but transient response to pathogens on the specific immune response that takes longer to initiate but is longer lasting.
Studies in both human and murine systems have shown that NK cells, on their own, exert minimal effects on IgM secretion of resting B cells. Only B cells that are preactivated in vivo can be enhanced by NK cells to increase both IgM and IgG synthesis. Furthermore, activated B cells can induce NK cells to up-regulate IFN-␥ secretion (reviewed in Ref. 4) . We have previously shown that, although NK cells cannot induce IgM secretion, they can initiate limited differentiation of resting cells as detected by the induction of germline transcripts for IgG2a (I␥2a) (5), a necessary first step for switch recombination to IgG2a (6, 7) . The Ig locus is the site of two types of rearrangements: V(D)J assembly that generates the V region exons at the H and L chain loci during B cell development and class switch recombination (CSR) 3 at the H chain (IgH) locus after antigenic stimulation of specific B cell clones. CSR specifically alters C region genes through a deletional process, whereby a downstream C region gene is brought to proximity of a rearranged VDJ gene, allowing expression of one of the downstream isotypes (IgG, IgE, or IgA). CSR is preceded by germline transcription of target switch sequences located upstream of all of the C region genes except the C␦. Activation and targeting of CSR is correlated with the ability of certain mitogens and cytokines to induce or suppress germline transcription of each specific C region genes (8, 9) Accurate splicing of germline transcripts is also critical for the efficiency of CSR (10) . In addition to the cis-regulatory elements located upstream of the I promoters, a series of DNase I hypersensitive sites located 2-32 kb 3Ј of the C␣ gene and downstream of the IgH locus, also affects both germline transcription as well as the process of switch recombination itself (8, 9, 11, 12) . Following the initiation of germline transcription, switch recombination involving breakage and joining of DNA segments requires additional factors, the most important of which is activation-induced cytidine deaminase (AID) (13) , a member of the RNA-editing deaminase family. However, neither the target(s) of AID nor its potential cofactor(s) are precisely known and the exact role of AID is still under investigation. Interestingly, despite the ability of NK cells to stimulate production of appropriately spliced I␥2a transcripts as well as AID mRNA, they do not stimulate production of ␥2a transcripts from recombined DNA (5). Therefore, NK cells induce the germline transcripts that precede switch recombination, but not the recombination event itself. Other inducers, such as LPS plus IFN-␥ or activated T cells, induce both germline transcription and switch recombination. To test a potential mechanistic basis for this difference, we examined the dependence of ␥2a germline transcription induced by NK cells and by LPS plus IFN-␥ on a set of regulatory elements 3Ј of the C⑀ gene.
In human systems, both CD11a (14, 15) as well as CD40-CD40L (16) interactions have been shown to be important for NK induction of B cell responses; however, the interaction molecules for mouse cells have remained largely unknown. Some indicators of possible NK-B cell interaction molecules are suggested by studies in which cells transfected with B cell ligands can be shown to elicit cytotoxic activity of NK cells (17, 18) . Because the induction of I␥2a transcription by NK cells can occur without the addition of other factors, it is a sensitive measure that can be used for the identification of the ligand-receptor pairs that may be involved in the NK-B cell interaction. We will show in this report that the CD48-CD2 interaction is important for the activation of B lymphocytes by NK cells. The significance of these findings will be discussed.
Materials and Methods

Transgenic mice
We prepared mice with a 230-kb transgene (Fig. 1A) of the entire H chain C region locus from strain 129 mice (Igh a ) (19) . The transgenic mice were generated using (SJL ϫ C57BL/6)F 2 fertilized eggs, and are maintained by backcrosses to C57BL/6. Thus, the endogenous locus is Igh b . Using homologous recombination in Escherichia coli (20) , we inserted an assembled VDJ H 2 segment that encodes anti-arsonate binding activity (21) into the germline J H region of the 230-kb construct. We named this parent bacterial artificial chromosome (BAC) "ARS/Igh." The ARS/Igh BAC includes ϳ14 kb upstream of the assembled VDJ H 2 segment, C, C␦, the four C␥ genes, C⑀, C␣, the four known H chain 3Ј enhancers, and ϳ15 kb downstream of the last known 3Ј enhancer, HS4. We also used homologous recombination in E. coli to insert 4 bp (AATT) in the EcoRI site in I␥2a. This insertion creates an AseI site in the transgene that allows us to distinguish germline transcripts of transgenic ␥2a genes from germline transcripts of the endogenous genes. Among the founders with the transgenic VDJ exon, we identified two founders that included truncations of the 3Ј end of the transgene. One line (822) retained the C⑀ gene, but deleted S␣ and everything 3Ј of it. A second line (1001) retained the ␥2a gene, but deleted C⑀ and everything 3Ј of it. Thus, both of these truncated lines lack the four known 3Ј enhancer elements. Ϫ/Ϫ or CD244 Ϫ/Ϫ (27) mice over nylon wool columns to remove adherent cells, and depleted of T cells by complement-mediated lysis. NK cells were then isolated by positive selection using anti-DX5 Abs and magnetic beads (Miltenyi Biotec). Purified cells were cultured for 3-4 days in 1000 U/ml IL-2 as described previously (5), at which time the nonadherent cells were discarded, and the adherent cells were propagated for another 4 -7 days. B lymphocytes were cultured either alone (1 ϫ 10 6 /ml), or together with NK cells (0.5 ϫ 10 6 /ml) in the presence of 100 U/ml IL-2 with or without other additives in 24-or 48-well Falcon tissue culture plates (BD Biosciences).
Cell preparation and culture
Abs and reagents
Hamster anti-CD40L (CD154; Ref. 28 ) Abs were kindly provided by Dr. R. Noelle (Dartmouth Medical School, Dartmouth, NH). Ammonium sulfate cut preparations of hamster anti-CD48 (BCM1) were prepared as described (26) . Rat anti-B220, hamster anti-CD48 (BCM1), goat anti-IgM F(abЈ) 2 , and mouse anti-DX5 were purchased from BD Biosciences. Rat anti-CD28 (29), anti-Fc␥R (2.4G2; Ref. 30) , hamster anti-TCR␣␤ (31), rat anti-IFN-␥ (R4-6A2; Ref. 32) , and rat anti-CD48 (1G10) Abs (originally obtained from Dr. J. Bromberg, Mount Sinai School of Medicine, New York, NY) were purified from hybridoma culture supernatants using GammaBind (Pharmacia Fine Chemicals) according to the manufacturer's suggestions. The F(abЈ) 2 of rat anti-CD28 and the rat anti-CD48 Ab, 1G10, were prepared as previously described (33) . Recombinant IFN-␥ was purchased from BioSource International. Phosphatidylinositol-specific phospholipase C (PI-PLC) was purchased from Sigma-Aldrich.
Semiquantitative RT-PCR analysis
RNA was prepared using the TRIzol reagent (Invitrogen Life Technologies), and RT-PCR was performed as previously described (34) . Primers for assessment of ␥2a germline transcription (I␥2a) and M mRNA abundance have been described (5) . The primers for assessment of cDNA from switched mRNA (S␥2a), consists of the forward primer (5Ј-CCAACCAT GGGATGGAGCTTC) corresponding to the V region of the A/J ARSspecific gene used for the BAC transgenic mice, and the reverse primer (5Ј-GGCCAGGTGCTCGAGGTT) located in the first exon of the ␥2a gene. The 635-bp RT-PCR product derived from appropriately spliced mRNA was confirmed by restriction enzyme mapping. Ly49 primers are consensus sequences for most Ly49 family members including both BALB/c and C57BL/6 strains (S. Anderson, unpublished observations) (forward, 5Ј-ATCATCCCAAGATGAGTGAGC; reverse, 5Ј-TTAGAT GGGCCATTGTCAATC). All primers were ascertained to span intronic regions. To quantify RT-PCR products, at least one of each primer pair was 3Ј end-labeled with [␥-
32 P]ATP and used to spike reaction mixtures. Amplified products were quantified using the ImagQuant software package (Molecular Dynamics). For all primer pairs, titration curves were performed to ascertain that the cycle number used fell within the linear range as cDNA concentrations were increased.
FACS analysis
Cultured cells were stained and analyzed using the FACScan flow cytometer (BD Biosciences) as previously described (35) . PE-conjugated (PE)-mouse anti-IgM a , FL-mouse anti-IgM b , PE-rat anti-CD2, PE-mouse anti-CD244, PErat anti-CD48, FL-rat anti-CD19, PE-mouse anti-IgD, FL-anti-hamster Ig, and PE-rat isotype control Abs were purchased from BD Biosciences.
Results
Role of 3Ј enhancer region in the regulation of induction of ␥2a germline transcripts by NK cells
Although IFN-␥ is an important cytokine in driving preferential switch recombination to the ␥2a exons, we have shown that both T and NK cells from IFN-␥ Ϫ/Ϫ mice can induce I␥2a germline transcripts that necessarily precede switch recombination. In contrast to stimulation by LPS plus IFN-␥ or by T cells, however, NK cells cannot induce the final step of gene rearrangement required for expression of switched transcripts (2) . The failure of NK cell stimulation to induce switch recombination might be due to the fact that NK cells induce factors in B cells that act through different cis-acting elements than do those induced by LPS plus IFN-␥. It is known that LPS plus IFN-␥-induced germline transcription and switch recombination to ␥2a depends, to a large extent, on the set of enhancers 3Ј of C␥ (8, 9, 11, 12) . We have studied transgenes of the entire H chain C region locus that undergo germline transcription and switch recombination (19) . We recently identified transgenes that lack all four regulatory elements 3Ј of C⑀ (HS3b, HS1/2, HS3b, and HS4). Mice expressing these transgenes express Ͻ5% the amount of LPS plus IFN-␥-induced ␥2a germline transcripts compared with transgenes with an intact 3Ј regulatory region. 4 As illustrated in (Fig. 1) . To distinguish ␥2a germline transcripts of the endogenous locus from ␥2a germline transcripts of the transgenic locus, we digested the amplified product with AseI, which cuts only in the products derived from the transgene. As demonstrated by the intact, 399-bp band, all mice express ␥2a germline transcripts from their endogenous genes. The presence of the 319-bp fragment derived by AseI digestion of products from lines 847 and 858 indicates that I␥2a transcripts are expressed from the transgenic locus with an intact 3Ј regulatory region (compare with products from cells from the nontransgenic strains, C57BL/6 and IFN-␥ Ϫ/Ϫ ). Transgenic ␥2a germline transcripts were made in response both to LPS plus IFN-␥ and to NK cells. In contrast, B cells from line 822, lacking the transgenic 3Ј regulatory region, did not express transgenic ␥2a germline transcripts; all of the I␥2a transcripts detected were resistant to AseI digestion. Identical results were obtained with a second transgenic line (line 1001), which also lacks the 3Ј end of the H chain locus (data not shown). Thus, like ␥2a germline transcripts induced by LPS plus IFN-␥, germline transcripts induced by NK cells depend on elements in the 3Ј end of the H chain locus. Fig. 1 also shows that mature, switched transcripts, which can be detected by primers specific for the transgenic V region, are also induced by LPS plus IFN-␥ activation of cells carrying the intact transgenes. Such postswitch transcripts are not induced in cells carrying the transgene with the deleted 3Ј enhancer (Fig. 1C) . 4 In contrast, activation by NK cells induced low to nondetectable levels of switched transcripts from cells carrying the intact transgenes despite the induction of I␥2a transcripts. These results are similar to our previous findings using nontransgenic B cells (5). Therefore, it is possible that other cis-acting elements, perhaps located in the promoter region of the ␥2a germline gene, bind transcription factors that are differentially stimulated by LPS plus IFN-␥ vs NK cells.
Inhibition of induction of I␥2a transcription by Abs against determinants expressed by B and NK cells
To identify the ligand/receptors that may be involved in the NK cell induction of B cell I␥2a transcription, we first used a number of Abs against possible candidates for the NK-B cell interaction in an attempt to block the induction. NK cells propagated from IFN-␥ Ϫ/Ϫ mice were used to ensure that the induction does not involve IFN-␥. Ϫ/Ϫ mice. RNA extracted from each culture was analyzed by RT-PCR assay using specific primers for transcripts derived from germline (I␥2a) or the productively rearranged gene (S␥2a; 635 bp). The I␥2a PCR product (399 bp) from the transgene was distinguished from that from the endogenous locus by digestion with AseI, which yielded a smaller species of 319 bp. was determined as a function of the level of mRNA for membrane IgM (M mRNA). The effect of the inclusion of Abs are compared in Fig. 2B in which the relative levels of induced I␥2a transcripts is shown as a percentage of the levels induced in the absence of inhibitors. Thus, neither anti-CD28 nor anti-CD40L, both hamster Abs directed against ligands previously reported to be on NK cells (16, 29, 36) , altered the level of induction of I␥2a transcription nor did a hamster Ab against TCR␣␤ chains, added as a specificity control, because they are not expressed on the purified, IL-2-propagated NK cells. Therefore, it is unlikely that cross-linking of NK cells to B cells by virtue of the binding of the Ig Fc portion to the B cell FcRII affected the induction. The addition of anti-B220 Abs, which can recognize determinants on both B and NK cells, also had no effect, further indicating that binding to FcRs alone does not affect I␥2a induction. In contrast, two different mAbs against CD48 significantly inhibited the interaction. Although the extent of inhibition by BCM1 (hamster Ab) was greater than that by 1G10 (rat Ab), the inhibition was partially reversed by the inclusion of anti-FcR Abs in the cocultures. Therefore, ligation of FcR on NK cells may have augmented the inhibition by these Abs. However the F(abЈ) 2 of the anti-CD48 Ab also significantly inhibited the induction, whereas neither the F(abЈ) 2 of anti-CD28 nor that of anti-IgM caused significant decreases.
Induction of I␥2a requires the presence of CD48 on B cells
A problem with inhibition studies with anti-CD48 Abs is that this receptor is expressed by both B and NK cells; thus it is not clear which cell type is affected. We therefore sought an alternate method to remove CD48. Because CD48 is known to be a GPIlinked protein (37), we attempted to remove it from B cells by enzymatic treatment with PI-PLC. The number of known GPIlinked B cell surface Ags is limited (38) . Other than CD48, those expressed on B cells include CD24 and CD14, the LPS receptor, and a minor subset of IgD (39) . Fig. 3A shows that treatment with 0.5 U of PI-PLC for 2 h effectively removed all of the CD48 but did not affect the expression of IgD or CD19. Furthermore, CD48 was not regenerated even after an incubation period of 24 h. The induction of B cell I␥2a transcripts by IL-2-propagated NK cells was significantly reduced when the B cells were first treated with PI-PLC (Fig. 3B) . Induction of I␥2a transcripts by LPS and IFN-␥ was also reduced, probably due to the removal of the CD14 portion of the functional LPS receptor by PI-PLC (40); however, the retention of substantial induction by this pathway suggests that the B cells were not rendered totally inert by the treatment with PI-PLC.
It is also possible to modulate CD48 in vivo by the injection of anti-CD48 Abs (26) . Examination of the PBL from animals injected with anti-CD48 showed that virtually all of the detectable CD48 Ag on all cells was eliminated by this treatment (Fig. 4A) . Furthermore, as indicated by staining with an anti-hamster Ab, very little of the Ab remained on the cell surface (3.6%) of the modulated cells. We therefore prepared resting B cells from animals treated in this manner. FACS analysis after purification showed that, although 5% of the CD19-positive cells remained resistant to the modulation (Fig. 4B) , the B cells were dramatically compromised (78% inhibition) in their ability to express I␥2a transcripts in response to stimulation by NK cells (C). In comparison, the response to LPS plus IFN-␥ induction was affected to a much lesser degree (36% inhibition). Thus, removal of CD48 from only B cells by two alternative methods resulted in a compromised response to NK cells. Fig. 4C also shows that the low level of I␥2a expressed by B cells cultured on their own was not increased when the B cells were obtained from anti-CD48-treated mice, indicating that the in vivo encounter with the Ab did not enhance I␥2a transcription.
Ligands on NK cells involved in the induction of I␥2a transcripts
There are at least two receptors expressed on NK cells for CD48, CD2 and CD244. To determine whether either could be involved in the NK-B cell interaction, we prepared NK cells from animals with deletion mutations of the genes encoding CD2 and CD244. Because the induction of I␥2a by NK cells is amplified by the addition of IFN-␥, we also included anti-IFN-␥ in the cocultures to restrict the effect to that mediated by cell-cell interactions. Fig. 5A shows that, in comparison to induction by NK cells propagated from B6 cells, the level of I␥2a transcripts induced by NK cells from CD2 Ϫ/Ϫ animals was significantly compromised. Induction by NK cells propagated from CD244 Ϫ/Ϫ animals was also reduced, although not to an equivalent extent. The titration of Ly49 mRNA levels expressed in NK cells in the cocultures did not reveal significant differences between the strains, indicating that the lower level of induction by CD2 Ϫ/Ϫ NK cells was not due to reduced viability of these cells. Because absence of neither CD2 nor CD244 reduced the level of induction to below background levels, it is possible that both ligands play a role. However, CD2 appears to be the major inducer.
There is a possibility that deletion of either CD2 or CD244 altered the level of expression of the alternate receptor for CD48 in each strain. Therefore, we evaluated the propagated NK cells from each of the mutant strains for the expression of CD244 and CD2. Fig. 6 shows that, when compared with C57BL/6 NK cells, no significant difference in the expression of CD2 on CD244 Ϫ/Ϫ cells or CD244 on CD2 Ϫ/Ϫ cells was found. The lack of expression of the appropriate Ag on each mutant strain was also confirmed.
Because only CD2, but not CD244, is expressed on B cells there is a possibility that the differential response to the CD2 vs CD244 ligand is modulated by the expression of CD2 on B cells. However, we found that the level of induction of I␥2a was not affected when B cells from CD2-deficient mice were cocultured with NK cells (data not shown). Therefore, CD2 on B cells does not play a role in the interaction.
Discussion
We Ϫ/Ϫ , or CD2 Ϫ/Ϫ mice were stained with either PE-rat isotype control, PE-rat anti-CD2, or PE-mouse anti-CD244 Abs and analyzed by flow cytometry. demonstrated inhibition of the induction of I␥2a by NK cells are two anti-CD48 Abs (Fig. 2) . The use of Abs to inhibit cell-cell interactions can be problematic due to interactions with the FcR of either B or NK cells that can result in either inhibition or stimulation of the response. Therefore, it is significant that the inhibition of the response was also apparent when F(abЈ) 2 of anti-CD48 Abs were used although the extent of decrease was somewhat less. The reduced level of inhibition may be attributed to anti-CD48 stimulation of NK cells that also express the ligand.
The removal of CD48 from B cells by either PI-PLC treatment (Fig. 3) or by in vivo modulation with anti-CD48 Abs (Fig. 4) significantly reduces the level of induction of I␥2a transcription by NK cells. This is the best indication that the CD48 on B cells (not that on NK cells) is critical for the induction. Whereas the reduction of LPS responsiveness in B cells treated with PI-PLC can most likely be attributed to the removal of the LPS receptor, CD14, the reason for the lower LPS response of the anti-CD48-modulated B cells is not clear. Although the B cell response to LPS was only minimally compromised in the CD48 Ϫ/Ϫ mouse, other aspects of B cell function have not been examined (42) .
Further evidence for the importance of CD48 in the NK stimulation of B cells is derived from our finding that the induction of I␥2a was significantly compromised when NK cells from mice defective in expression of CD2, the murine ligand for CD48. CD48 is anchored to the membrane via a GPI linkage. In the absence of the cytoplasmic domain, how the signal arising from interaction with the CD2 ligand is transmitted to B cells is not clear. However, GPI-anchored receptors have been shown to coimmunoprecipitate with various members of the SRC family of tyrosine kinases in glycolipid-enriched microdomains (43) as well as G protein subunits (44) . Inasmuch as the removal of CD48 from B cells by either Ab modulation or PI-PLC treatment did not reduce the induction to background levels, other compensatory interactions may be involved. Considering the weak charge-charge interactions of CD2 with its ligands, which nonetheless exhibit strong specificity (45), one possibility is that any encounter between CD2 and CD48 only serves to initiate the interaction between the two cell types such that another receptor-ligand pair can provide the final stimulation. In the absence of CD48 or its ligand, other interaction molecules may continue to function, albeit much less efficiently. For example, CD48 has been shown to deliver an accessory signal for CD40-mediated activation of human B cells (46) . The need for costimulation is further suggested by the observation that stimulation of B cells by anti-CD48 or F(abЈ) 2 of anti-CD48 was not sufficient for the induction of I␥2a transcription (data not shown). Furthermore, the inclusion of anti-CD48 in B cell cultures stimulated with LPS plus IFN-␥ did not result in any augmentation of the induction (Fig. 2A) . Finally, it is interesting that, although CD244 has been shown to have a higher affinity for CD48 than CD2 (47), the absence of this receptor did not exert as profound an effect as the absence of CD2. This was not attributed to a compensatory increase in CD2 expression in the NK cells from this mutant mouse, nor is the expression of CD244 decreased in CD2 Ϫ/Ϫ cells (Fig. 6) . Therefore, the B cell signaling pathways and/or coreceptors induced by the two ligands may differ. Another possibility is that, because of its higher affinity, the interaction of CD244 with CD48 on NK cells in some way reduced the fraction of functional ligands remaining for interaction with CD48 expressed on B cells. CD48 has been shown to be important for the inhibitory function of CD244 on NK cells (27) ; however, how this factor could affect the role of CD244 as a ligand for activation of B cells is not clear.
The activation of I␥2a transcription despite the engagement, by LPS vs NK cells of different cell surface receptors on B cells, and possibly different intracellular signaling pathways, must ultimately result in induction of common transcription factors necessary for binding to the cis-regulatory sequences located in the 3Ј end of the H chain locus (Fig. 1) . In contrast to induction by LPS plus IFN-␥ or activated T cells, however, NK cell induction does not result in productive switch recombination to IgG2a. The absence of switched ␥2a sequences in the presence of increased abundance of germline transcripts further confirms that the induction by NK cells is not attributed to expansion of small numbers of preactivated B cells in the cocultures. The finding that NK cells, by themselves, can only stimulate the first few steps of switch recombination without inducing the terminal steps is not unreasonable, because one would not expect any encounter of NK cells with B cells in vivo to result in IgG2a secretion. It is likely that this interaction only skews the B cells to this response upon interaction with cognate Ag. Using monoclonal B cells from the quasi-monoclonal mouse (48), we have recently obtained evidence for this hypothesis (unpublished observations). This priming step may explain in vivo findings that many viral infections tend to result in Ig responses that are skewed toward IgG2a (49) . Thus, in vivo stimulation of NK cells by poly(I:C), which results from stimulation by similar cytokines as those resulting from viral infections, also causes preferential increases in Ag-specific IgG2a production (50) . Now that we have some information regarding the receptor-ligand pairs involved in the interaction between NK and B cells, it may be possible to determine their relative importance in the in vivo response to antigenic stimulation.
